Since ZnSe is less toxic than cadmium based materials, ZnSe nanocrystal is a potential candidate for optoelectronic and fluorescent labelling applications. In this paper, colloidal ZnSe nanocrystals are successfully synthesized from zinc stearate and elemental selenium in a paraffin hot-matrix. The method is environment-friendly and of low cost compared with the conventional methods, which are generally toxic and expensive. The nanocrystal-nanocrystal interactions will significantly affect the optical properties and thus a detailed study is desirable. Here, we comprehensively study the interaction through the van der Waals interaction energy, electrostatic energy, steric energy and depletion interaction energy. The corresponding photoluminescence and absorption spectra show obvious excitonic features. Our results show that the nanocrystals can be converted to a water-dispersible system when the dominant emission is still from the excitonic recombination on ZnSe nanocrystals.
Introduction
Zinc selenide (ZnSe) possesses unique optical and photovoltaic properties and exhibits great potential applications, such as blue-green light emitting diodes, photoluminescent and electroluminescent devices, lasers, thin film solar cell nonlinear optical crystal and infrared optical materials [1, 2] . In addition, nanocrystalline materials can offer quantum confinement enhancement and large surface-to-volume ratio. As a consequence, many efforts have been focused on the synthesis of high-quality ZnSe nanocrystals.
In 2002, Peng et al synthesized high-quality CdS and other II-VI semiconductor nanocrystals in non-coordinating solvents, in which oleic acid and octadecene (ODE) were used as the ligand and the non-coordinating solvent, respectively [3] . This approach is quite common and has been employed for the synthesis of many other nanomaterials [4, 5] . In the case of ZnSe, however, phosphines were needed to dissolve Se powder and could not be eliminated [4] . Recently, Sapra et al reported that Se could be dissolved in olive oil at elevated temperatures, 1 Author to whom any correspondence should be addressed. 2 Currently visiting Department of Material Science and Engineering, Cornell University, Ithaca, NY 14853, USA. from which they synthesized CdSe nanocrystals [6] . From 2005 to 2007, Peng and co-workers [7] reported the synthesis of Cu-and Mn-doped ZnSe nanocrystals with a visible emitting window of 470-610 nm. This method would ultimately eliminate the toxic solvent and make ZnSe nanocrystals an ideal substitute for CdSe nanocrystals. However, this synthetic approach involved the use of toxic and expensive solvents for selenium. Green chemistry means that not only the final products but also the starting materials are green. Consequently, it is a trend to use environment-friendly approaches to synthesize nanoproducts [6, 8] . More recently, Dai et al [9, 10] have developed green approaches for the synthesis of particle-and flower-shaped ZnSe nanocrystals, and observed that particle size is strongly dependent on the amount of precursors but not very insensitive to other reaction parameters such as reaction temperature [10] . On the other hand, the detailed study of the interaction of the dispersed ZnSe nanocrystals is very desirable, which will considerably affect the optical properties of the nanocrystals.
Based on the above research works regarding ZnSe nanocrystals, we will synthesize uniform ZnSe nanocrystals by a different route in this work. The preparation here is very simple and involves only one solvent (paraffin oil) and two precursors (zinc stearate and selenium powder). Paraffin oil is a natural chemical with no toxicity and its cost is much less than trioctyl phosphine oxide (TOPO) or ODE. The interesting features offer more opportunities for academic and industrial applications of semiconductor nanocrystals. We will also comprehensively study the nanocrystal-nanocrystal interactions in terms of van der Waals interaction energy, electrostatic energy, steric energy and depletion interaction energy. The optical properties of the ZnSe nanocrystals will be investigated and the ZnSe growth mechanism will be proposed. In addition, the as-prepared hydrophobic ZnSe nanocrystals can be transformed into hydrophilic ones by adding bipolar surfactants such that the ZnSe nanocrystals can be dispersed in various media and can have greater potential for biomaterial applications.
Experimental section
Zinc stearate (USP grade 10-12% Zn), Se powder (99.999%), paraffin oil (Extra Pure, with boiling point above 300
• C), n-hexane (95%) and thiolycolic acid (99+%) were obtained from International Laboratory, USA, and used as received.
To synthesize ZnSe nanocrystals, 2.53 g (5 mmol) zinc stearate and 20 ml paraffin oil were heated in a three-necked flask at about 150
• C. The powders were gradually dissolved and a yellowish homogeneous solution was generated. Then the solution was heated to 260
• C. At the same time, 0.158 g (2 mmol) Se powder in 50 ml paraffin liquid was heated to 300
• C and stirred at 300 rpm simultaneously. Then 5 ml Zn precursor was rapidly injected into the Se solution. After 30 min of reaction, the solution containing the nanocrystals was cooled down to room temperature by simply removing the heater. 20 ml n-hexane was added into the product solution and the mixture was centrifuged at the rate of 5000 rpm for 10 min. The supernatant solution was then removed. By repeating the process for three times, the nanocrystals were obtained at the bottom of the centrifuge tube. The nanocrystals were then re-dispersed in n-hexane for storage.
Thiolycolic acid was used to make the ZnSe nanocrystals water-dispersible. l ml thiolycolic acid was added into 25 ml n-hexane solution which dissolved 1 mmol as-prepared nanocrystals. The mixture was treated with sonication for 30 min. The n-hexane solution gradually became turbid which indicated that the original ligands capping on the nanocrystals were replaced by the thiol group. Then the nanocrystals were washed and centrifuged for four times to remove the acid and the ZnSe nanocrystals were dispersible in water.
Transmission electron microscopy (TEM), selected area electron diffraction (SAED) and energy-dispersive x-ray spectroscopy (EDX) were performed on a Philips Tecnai G2 20 S-TWIN. Absorption spectra were recorded on a Varian Cary 50 UV-vis spectrophotometer. Photoluminescence (PL) spectra were measured by a Perkin-Elmer LS-50B luminescence spectrometer with the 325 nm excitation. The absorption and PL spectra were measured at room temperature.
Results and discussion

Characterization of ZnSe nanocrystals
Paraffin oil was used as the non-polar organic solvent, which is a group of alkane hydrocarbons with a boiling point above 300
• C. In this hot-matrix, zinc stearate and elemental selenium were used as precursors. In other reported methods [11] [12] [13] , fatty acid was usually used as acid to dissolve Cd or Zn oxides and capping ligand in the formation of the nanocrystals. But here, it is found that homogeneous Zn and Se solutions could be formed by heating with paraffin oil during vigorous stirring. The stabilizing ligands for the nanocrystal surface are offered by the anionic part of zinc stearate. The melting point of the Se powder is about 217
• C. Considering that zinc carboxylate salts are more stable than the corresponding cadmium carboxylate salts [4] , we increase the reaction temperature even after the Se having already dissolved in the paraffin oil. The paraffin oil and stearate ions both have a relatively long hydrocarbon chain which may slow down the reaction and affect the monomer migration [13, 4] . As a result, the growth process is slow such that small size and uniform nanocrystals can be obtained.
Figure 1(a) shows the typical TEM images of the as-synthesized nanocrystals. The existence of lattice planes on the high-resolution image confirmed the good crystallinity of the nanocrystals. A size distribution histogram is shown in the inset of figure 1 (c) . The mean diameter of the nanocrystals was estimated to be 3.4 ± 0.3 nm. The nanocrystals were almost monodispersed. This is due to coating of the inorganic core by the organic stearate material. It has been proven that the coordinating ligand on the nanocrystal surface is the stearate ions when stearate acid is used in the reaction mixture [5 (b) ]. The stearate ions have long hydrocarbon chains (∼2.5 nm) [14] , which are estimated in accordance with the average distance between the interfaces of the nanocrystals.
The SAED pattern is given in figure 1(b) . The d-spacing of the three main rings is consistent with reflections (1 1 1), (2 2 0) and (3 1 1) of the zinc blende phase ZnSe (JCPDS No 80-0021). In figure 1(c) , the EDX measurements on the sample confirm that the product consisted of Zn and Se. The presence of C and O in the EDX results is due to the stearate ions binding to the surface of the nanocrystals. ZnSe can crystallize in zinc blende and wurtzite structures. For bulk ZnSe, the zinc blende structure transforms to the wurtzite structure when the temperature is above the transition temperature of 1411
• C. However, decreasing the particle size will significantly reduce the transition temperature [15] . In some cases, the transition temperature can reduce to 700
• C at a pressure of 100 Torr [16] . In the synthesis here, the reaction is at 300
• C and under room atmosphere. Therefore, zinc blende ZnSe nanocrystals are obtained.
Nanocrystal-nanocrystal interactions of ZnSe nanocrystals in hexane and water
Since the nanocrystal-nanocrystal interactions [17] [18] [19] [20] [21] affect the optical properties of nanocrystals, we studied the interactions in detail in terms of van der Waals interaction energy, electrostatic energy, steric energy and depletion interaction energy. For the van der Waals interaction [22] , the energy can be calculated by
where A is the Hamaker constant of the medium, a 1 and a 2 are the radii of the two nano-particles and R is the particle centreto-centre distance. The Hamaker constant of hexane and water is about 4.07 × 10 −20 J and 3.67 × 10 −20 J, respectively. In the calculation, the radius of the nanocrystals is considered to be (3.4 ± 0.6)/2 = 1.7 ± 0.3 nm (as shown in the inset of figure 1(c) ). For the case of ZnSe nanocrystals in hexane, we considered that 25 ml n-hexane solution was used to disperse 1 mmol as-prepared ZnSe nanocrystals (it should be noted that the highest concentration setting is used here and thus the largest van der Waals force is calculated), and the average R can be calculated as 26.591 nm. For ZnSe nanocrystals in water, the average R is 26.941 nm (which is slightly different from the hexane case because 1 mol of thiolycolic acid is added to form surface functional group on nanocrystals for dispersion in water). From equation (1), the van der Waals energy of the ZnSe nanocrystals in hexane and water is very weak and equals −4.6081 × 10 −27 J ( KT at 300 K = 4.114 × 10 −21 J) for hexane and −3.8395 × 10 −27 J for water. Concerning the electrostatic energy, when the ZnSe nanocrystals are dispersed in hexane (non-polar solvent), the nanocrystals with stearate ligands are non-polar. Therefore, the electrostatic energy does not apply to ZnSe nanocrystals in hexane. On the other hand, when the ZnSe nanocrystals are dispersed in water, the electrostatic energy can be calculated by [23] 
where
14 nm is the separation distance between two the nanocrystals, η is the viscosity of the solution, ξ is the zeta potential of the system, e = 1.602 × 10 −9 C is the electron charge, N A = 6.023 × 10 23 mol −1 is the Avogadro number, c is the molar concentration of ions, z is the valence of each ion, ε 0 = 8.854 × 10 −21 F m −1 is the permittivity of free space, ε r = 80.1 is the relative dielectric constant of water and KT = 4.114 × 10 −21 J at 300 K. It is considered that the 70% of the thiolycolic acid will ionize in water [23] , i.e. the COOH group becomes COO − ion and at the same time the same amount of H 3 O + ions form. Therefore, c i = 770.886 050 mol m −3 and κ = 2.88 × 10 9 m −1 . Typically, zeta potential ξ < 50 mV [19] ; here we consider φ 0 = 50 mV to attain a maximum electrostatic energy. By equation (2), E es = 6.433 × 10 −50 J is a very small value ( KT at 300 K). As a consequence, the electrostatic energy between the nanocrystals can be ignored for both the cases of hexane and water.
Concerning the steric interaction energy [24, 25] and depletion interaction energy [25] , since the separation space between the two ZnSe nanocrystals (h), of about 23 nm (R −a 1 −a 2 ), is much larger than the diameter of the dispersed ZnSe nanocrystals (3.4 ± 0.6 nm), the steric interaction energy and depletion interaction energy can be neglected. The total interaction energy of the ZnSe nanocrystals dispersed in hexane and water is mainly from the van der Waals force. However, the van der Waals energies of the ZnSe nanocrystals in both hexane and water are very weak. Consequently, taking into account all the four interaction energies, the nanocrystalnanocrystal interactions of our ZnSe nanocrystals are very small and will not affect the optical properties of the ZnSe nanocrystals.
Optical properties of ZnSe nanocrystals
The prepared ZnSe nanocrystals have very good optical properties. The UV-vis absorption spectrum is shown in figure 2 . The sharp absorption spectra with clear excitonic peak indicate the narrow size distribution of the nanocrystals. The absorption edge is blue-shifted to higher energy as compared with bulk ZnSe (480 nm, 2.6 eV) [26] due to the quantum confinement effect. The average radii of the nanocrystals were calculated from the blue shift in the band gap using the Brus equation and were estimated to be 2.9 nm, which is consistent with the TEM results. Figure 2 also shows the room temperature PL spectrum of the ZnSe nanocrystals. The PL is dominated by the exciton emission peaked at 398 nm (3.1 eV), which is generated from the direct recombination of the electron-hole pair, typically being quantum confined in the case of nanocrystals [7(a), 27]. The full width at halfmaximum (FWHM) is about 25 nm. The narrow emission peaks are consistent with the nearly monodispersed size distribution of the nanocrystals, as demonstrated by the TEM image in figure 1(a) .
As discussed in section 3.2, since the nanocrystalnanocrystal interactions of the ZnSe nanocrystals are very weak, the PL emission spectrum can be simulated by using different oscillator models.
The oscillator model with the Lorentz broadening shows better agreement with the experiment data as compared with the model with the Gaussian broadening. This may suggest that the samples can be approximately discussed by using homogeneous broadening mechanisms in which all the molecules have the same transition energy and are subjected to the same relaxation processes [28] [29] [30] . While the PL spectrum has high colour purity, the fluorescence quantum yield can be enhanced by using an appropriate surface passivation [13, 31, 32] . A more effective way is the epitaxial growth of an inorganic material on its surface that will act as a potential barrier for electrons and holes. For instance, ZnS is a prominent coating material for ZnSe nanocrystals because there is a low lattice mismatch between the two materials and a large band offset of ZnS providing strong confinement. The next step of the work is in this direction.
The environment-friendly synthesis method is good for the biomedical application. We used a conversional ligand exchange method, which allows dispersal of the nanocrystals in various organic solvents. Experiments involving biomolecules coupled with luminescent semiconductor with organic molecules on their surfaces were reported [13, [33] [34] [35] [36] . As a common method to prepare high-quality semiconductor nanocrystals, trioctyl phosphine/trioctyl phosphine oxide (TOP/TOPO) molecules were usually capped on the surfaces of nanocrystals. It has been proved that replacing the TOP/TOPO cap with polar terminated groups allows dispersal of these nanocrystals in aqueous solutions with the preservation of excellent luminescent properties. In our experiment, the nanocrystals are converted into the aqueous phase by using thiolycolic acid, a common amphiphilic ligand. The result of the capping ligand-exchanged nanocrystals is illustrated in figure 3 . According to the theory of nucleophilicity, increasing the nucleophilicity enhances the ability of the nucleophile to react and form new bond. The RS − has higher nucleophilicity compared with RCOO [37] . As a result, the thiol ligands (RS − ) will bind to the ZnSe nanocrystals and offer excellent water solubility for the ZnSe nanocrystals. It is also available for covalent coupling to various biomolecules, such as proteins, peptides and nucleic acids [33] . Figure 4 shows that the emission spectra were similar for the original sample in n-hexane and the ligandexchanged sample in water. However, in the n-hexane solution, PL of the nanocrystals capping with stearate ions is dominated by the exciton emission with a sharp and symmetrical peak. In the aqueous solution, it can be observed that the emission has an extended tail in the long wavelength direction. The tail emission can be explained by the contribution of surface defect which is due to the photocatalytic oxidation of the thiol ligands into disulfides and surface-binding species [7(a), 36]. A small red shift of the PL may be caused by the congregation because the repulsive force between the thiolycolic acid molecules is relatively weak. 
Conclusions
In conclusion, stable zinc blende ZnSe nanocrystals of uniform and small size have been synthesized by an environment-friendly and low cost method as compared with the conventional methods which are relatively toxic and expensive. The nanocrystals formed in the high boiling point solvent (paraffin oil) have a narrow size distribution and strong exciton emission. The nanocrystal-nanocrystal interactions of the ZnSe nanocrystals have been studied and the results show that the interactions are very weak and are unlikely to affect the optical properties of the ZnSe nanocrystals. For potential applications in the field of bioscience, the ligand exchange process was used to make the nanocrystals disperse in the aqueous system. This study opens a door for the preparation of ZnSe nanocrystals in a greener way which can be easily scaled up for mass production and applied in extensive fields.
